Femtosecond laser-assisted etching is a promising technique as micro three-dimensional removal processing. This technique consists of two-steps: the first step is irradiation of focused femtosecond (fs) laser pulses along the pre-designed pattern, and next step is wet etching. Provided the modified region is etched faster than the un-modified host material, the modified region is selectively removed. However, when this technique was applied to volume etching of sapphire, there was a problem of incomplete removal (residues remain after etching). In the present report, we propose and demonstrate a new strategy of two-cycle process, i.e., repeating {irradiation-etching} cycle two-times. The region that should be removed was divided into two. Outer layer was etched at the first cycle and inner volume was etched at the second cycle. In this way, the etching capability was improved as well as suppressing undesirable side effects of cracks and surface pits.
Introduction
One of the unique capabilities of femtosecond (fs) laser processing is three-dimensional (3D) processing in the micro to submicrometer domain. Many researches on 3D microfabrication with photopolymers have been reported using multi-photon absorption [1, 2] .
Processing inside transparent solid materials have also been researched. Irradiation of single or multiple fs laser pulses changes the refractive index as well as chemical/structural property of transparent solids at small vicinity of the focus. Hereinafter, such a modified spot is referred to as voxel. Typical size of a voxel is about a few micrometers parallel to the optical axis and a few hundred nanometers perpendicular to the optical axis. By arranging voxels in pre-designed arbitrary 3D pattern, we can make optical elements inside solids such as waveguides [3] and diffractive lenses [4] .
Removal processing has been also carried out by making voxels followed by chemical etching. 3D removal processing has been reported for both photosensitive [5] and non-photosensitive [6] materials. This technique has a unique capability of removal process for arbitrary 3D pattern in micrometer domain. Its achievements include a micro dye laser [7] and a ship-in-a-bottle optical rotator. [8] .
Sapphire is an important material due to its mechanical strength, chemical durability, optical transparency, etc. Its application field includes optical window, substrate for growth of semiconductors. We have applied fs laserassisted etching to sapphire [9] [10] [11] using aqueous solution of hydrofluoric acid (HF) as etchant. Microchannels were fabricated [9] . Juodkazis et al. have demonstrated that more soft etchant, aqueous solution of KOH, was also applicable to the formation of microchannels [12] . Gottmann et al. have reported that sub-wavelength ripples that coherently continue from surface to the inside can be found by similar irradiation-etching technique [13] . However, there was difficulty in volume etching; mesh-like residue remained after etching at room temperature [10] . Here, "volume" indicates a region which consists of multiple voxels in all three dimensions. Thus we have applied hightemperature etching. Increasing the etching temperature from room temperature to ≥ 100 ℃ enhanced volume etching capability, but problems still remained [11] . For complete removal of volume region, long and high temperature etching is desirable, which results in the formation of pits on the surface. High-density (small pitch; pitch indicates the distance between the neighboring voxels) and high pulse energy irradiation is also effective for complete removal, but it leads to crack formation after irradiation due to overlapped stress. Such a trade-off relationship is schematically shown in Fig. 1 [11] . The horizontal axis indicates the irradiation condition; left hand side is desirable for avoiding cracks, which was represented by the red leftwards double arrow. The vertical axis indicates the etching condition; the lower side is desirable for avoiding surface pits, which was represented by the blue downwards double arrow. Conversely, right-upper side is desirable for complete etching, which was represented by the green upperrightwards double arrow. The region that satisfies all three issues may or may not exist around the center, depending on the shape and size of the region that should be etched out.
In this paper, we propose a new strategy of two-cycle process to overcome these problems.
Concept of two-cycle process
The basic concept of two-cycle process is to repeat {ir-radiation-etching} cycle two times. At the first cycle, only the bottom (bottom indicates far from the surface) and side walls, both have the thickness of single voxel size, are irradiated and etched. Next, at the second cycle, the inner volume is irradiated and etched. This scheme is illustrated in Fig. 2 . In both cycles, the irradiation and etching conditions lie at the black square in Fig. 1 , i.e., irradiation with a hard condition and etching with a soft condition. Irradiation with a hard condition helps complete removal with a soft condition, thus avoiding the formation of surface pits. The hard irradiation condition, however, tends to make cracks. We expect that the formation of cracks can be avoided due to i) small thickness of irradiation region in the first cycle, and ii) the presence of empty space outside in the second cycle.
Experimental
The sample used was sapphire (0001) substrate (Shinkosha Co., Ltd.) of 0.5 mm thickness. They were cut about 3x3 mm pieces, and used for experiments.
The fs laser source was a Ti:Sapphire regenerative amplifier (Spitfire, Spectra-Physics) operating with a low repetition rate of 10 Hz (typ.) for precise positioning. The sample was set on an inverted microscope (IX-70; Olympus) and fs laser pulses (800 nm) were focused by an objective lens (UPlan-Apo100; Olympus) and irradiated to the sample. The pulse energy was typically 40-60 nJ (measured at the entrance of the optical microscope). The sample was translated by a computer-controlled three-axis piezoelectric stage (P-563.3CD, Physik Instrumente), and laser irradiation was controlled by a shutter.
The region of fabrication target that should be removed out was mainly a cubic region with a edge length of 20 μm, while the top of the cube lies 10 μm below the surface. Hereafter, this cubic region is referred to as microcavity even if the region is not yet empty space. Four connection paths from the surface to the microcavity was also irradiated and etched so that the etchant can reach the microcavity. The spatial distance between adjacent voxels along the optical axis was 1.0 μm and that perpendicular to the optical axis was 0.2 μm unless specified.
In case of two-cycle process, the outmost voxels on the bottom and side walls were irradiated at the first cycle, and then exposed to the etching process. Then at the second cycle, the inner volume was irradiated. For comparison, irradiation only on the side walls (not bottom wall) at the first cycle was also carried out. For both first and second cycles, etching was carried out at 100 ℃ for 24 h in 10% aqueous solution of HF. In the former experiments, we did not find surface pits after etching for 96 h at 100 ℃. Thus the formation surface pits can be avoided with this condition.
The sample was observed by optical microscopy in each step, and by scanning electron microscopy (SEM) at the final stage. The SEM observation was carried out for the precise observation inside microcavity. Before the SEM observation, the top solid layer was removed by mechanical polishing. Figure 3 shows the optical micrographs of the microcavity during two-cycle process. Figure 3(a) shows the optical micrograph after laser irradiation of the first cycle, (b) after etching of the first cycle, (c) after laser irradiation of the second cycle, and (d) after etching of the second cycle. The pulse energy for the first cycle was 40 nJ. Although there are cracks outside of the corners shown in (a), the crack is reduced compared to that of the conventional single cycle process, i.e., all the region inside the microcavity was irradiated [11] . The growth of crack was not observed in the following processes as shown in (b)-(d) [14] . It has been reported that irradiation of single focused fs pulse with sufficient pulse energy can make microvoid in glass [15] . Such a microvoid is also formed in sapphire [16] . Densified region should be formed around the microvoid. Then, it is presumed that the outside of the densified region was under tensile stress in the circumferential direc-
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tion. Even if single microvoid does not cause the formation of cracks, accumulation of tensile stress from many voxels could results in the formation of cracks especially at the corners. The result shown in Fig. 3 indicates that not only outmost voxels but also inner voxels contribute to the crack formation. However, crack did not completely disappear. Further improvement is necessary in the process parameters.
After etching of the first cycle, the inner volume of the microcavity was irradiated by focused fs pulses of 60 nJ pulse energy, and etched again. Figure 4 shows SEM images after two-cycle process. As stated previously, the surface layer was mechanically polished and inside of the microcavity was directly observed by SEM. As seen in Fig.  4(a1) and (a2), the cubic microcavity region was well etched out; no residue was found. This indicates that the two-cycle process worked well. The crack, found after the first process, is not so conspicuous in the SEM image.
Bottom and side walls of the microcavity, however, are quite rough. This is disadvantageous for optical and fluidic applications. For photosensitive glass, Cheng et al. have shown that the etched surface can be smoothed by thermal annealing after etching [17] . Also it is well known that sapphire substrates can be flattened to the atomic scale by thermal annealing [18] . Although the surface obtained in the present experiments was rough, such thermal annealing might reduce the surface roughness.
We have also tested that irradiation only side walls (without bottom wall) at the first cycle. In this case, increase in the crack was found after laser irradiation of the second cycle. This indicates mechanical separation with the bottom wall is required for the reduction of the propagation of stress from inner volume to the outside. Figure 4 (b) shows a SEM image of microcavity, in which a rectangular column exists. Although residue remained on the bottom, this result indicates the applicability of the present method to the fabrication of arbitrary shape. 
Conclusion
We have proposed and demonstrated two-cycle femtosecond laser-assisted etching for the processing of sapphire. Using two-cycle process, the volume etching inside sapphire was achieved while formation of surface pits was avoided and crack generation was reduced This technique will be effective for the micro removal processing of arbitrary 3D design inside sapphire.
